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l. INTRODUCTION 

In a recent report we developed and summarized the basic equations 
describing speckle noise In satellite based Ildar systems [l|. flu* 
speckle noise power In direct detection systems was round to be a com- 
plicated function of the electrical caaracter Istlcs ot the receiver 
electronics, receiver aperture sice and shape, laser pulse shape, 
laser radiation pattern and characteristics ot the scattering medium. In 
this report the speckle noise will be evaluated from some tvpical Ildar 
svstems. The governing equations, which were developed In [1], are summarized 
In the remainder of this section. In Section II the mutual Intensity 
function ot the speckle pattern Is calculated In terms ot the laser 
radiation modes. Typical laser pulses are modeled In Section III. and in 
Sections IV and V simplified expressions ‘or the speckle noise power are 
derived. The signal-to-speckle-nolse rat ios for some proposed Ildar svstems 
are evaluated In Section VI. 

The variance of the signal at the output of the receiver illustrated 
in Figure 1 can be written in the form l l ] 

% 

Var - $ E l S ^ - E“(S) (1-0 

“Vt 

where E t S > is the ivorugo signal. The first term on the right-hand side 
ot Equation (1-0 is the shot noise component, while the second term is 
the speckle noise component . The magnitude of the speckle noise is 

icope aperture, b it i 

electronics md polarization character 1st ics of the signal. In Equation .1-0 

; • •• egi - >olai ' 

number of spatial correlation cells seen bv the receiver iperture. md V, 

1 

is the effective number of temporal correlation cells seen bv the receiver's 
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Figure 1. Receiving system model. 
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O 


electrical filter. Mg and depend on the characteristics of the signal 
mutual Intensity function which in moat case* la separable. 

J^ir.r) • J g (r) J t (t) . (1-2) 


Using Equation (1-2), Mg, M^, and S can be written as 

v ) 2 

< Jg(0) |/d“rW(r)) 

M - - -r — z 7 

Jd-r|J s ir)f^(r) 


k 


! |J T (0 )IR p '0)£‘ JTl' U)] 

J V r) V' 


(I-.> 


. *b< # > 

5 • 

jf*dTh(T) 

• — 49 


(1-3) 


R,.(r) 
w — 



d"o_ W(p) 


w*u + r^ 


U-o) 


R p (t) 


dt p(t) Pit + r) 

• JD 


v. 1—7) 


R, It) - dt h(t) hit + r) . (1-8) 

J - A) 

W(r) is the receiver aperture weighting function. Pit) the laser pulse shape 
and hit) the impulse response of the receiver’s electrical filter. R^., R 
and R^ are their issociated autocorrelation functions. The expression 
for >U is valid only for particulate scattering. For rough surface 
scattering the laser pulse has no effect so that M^. becomes 

k 



o 


*r 


[ lJ T (°) I LI dTl«(T>) 

£* T iJ X (T) I 2 ^(t) 


(1-9) 


Cloned form expressions for >! g and Mj. are usually difficult to calculate 
when typical system functions are substituted Into Fquations (1-3) and (1-4). 
Therefore, it Is sometimes convenient to consider the limiting expressions 
when M g and are large. M g is approximately one when the receiving 
aperture diameter is small compared to the spatial correlation length of 
the received signal. When the aperture is large, l! g can be approximated by 
the formula 


M 



.'V 

u s <o>r 


(1-10) 


Similarly, >1^. is approximately one when the bandwidth of h is large compared 
to the temporal coherence bandwidth of the received signal. When the 
bandwidth of h is small, can be approximated by 


>l T 


(j["dTh(T)) 
’ R h (0) 


! J T co) t ^p(Q) 

/.I dT V T) "V T) 


( 1 - 11 ) 


Goodman [21 has shown that the spatial component of the mutual intensity 
function is related to the intensity distribution which illuminates the 

scattering medium. If we denote by E(j:,z) the complex optical signal 

n, 2 

incident on the scattering volume, then J | “ is given by 


: y*>i 3 


1 j d~£_ E (c_, z ) “ exp(i r 
fdVE<o,z )! 2 2 



( 1 - 12 ) 


■ is the signal wavelength and z is the distance from the scattering medium 
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to the receiving telescope. Equation 1 1— 12 > is valid In both the Fresnel 
and Fraunhofer scattering zones provided the microstructure of the 
scattering medium Is unresolvable by the receiving telescope. 

For a coherent laser source, the temporal component of the mutual 
Intensity function Is related tc he statistics of the fluctuations In the 

velocity of the scattering particles. If the particle velocity fluctuations 

\ 2 

are Gaussian, 1* given by [1] 




t dC < 1 - 5 /t) R. (E) 
In iv 


(1-13) 


R v is the velocity correlation function. The Gaussian assumption is valid 
for Brownian motion and for turbulent flow which may be found in clouds 
and smoke plumes. It is interesting to evaluate t I— 13) for the limiting 
cases where r is either large or small compared to the velocity correlation 
time. If we let T denote the velocity correlation time, (1-13) becomes 


|i T (t)| J 

l~V°>l 2 


exp 


*x? 


f ) 2 2 


, f 2ir) 2 . . f ) 

1M r av ( ° T 


(I-U) 


For particles suspended in a turbulent flow, the velocity correlation is 

\ 2 

usually quite long (v ms) compared to the observation time so that J 

T ' 

takes on the Gaussian form. The velocity correlation time is usuallv 
negligible for 3rovnian motion and in this case J T “ takes on the 

4 

exponential form which gives rise to the familiar Lorentnian spectrum. 

Tor rough surface scattering the temporal coherence time of the 

scattered signal (t ) is determined bv the source coherence time (* ). 

c sc 



For scattering by an ensemble of particle*, stay depend both on the 

source coherence tine and the inverse Doppler linewldth of . i« scattering 

molecule (t.) [ij. 
a 

The Doppler linewldth is given by [6] 

T- • A* - 2v 4 In i < 1—15 ) 

V D °V Mc- 


vhore 


Vq ■ center frequency of radiation 

it • Boltzmann's constant 
T • temperature (*K) 

M - mass oi the molecule 
c • velocity of light. 

For 7 • 300°K, T. becomes 

a 

\ Q »At. Wt. 

T u ’ 3705.44 

wh’.re At. Wt. * the atomic weight of the scattering molecule. 
-Tien scattering from resonant molecules.:^ is equal to t,. 


(1-16) 


Wien the 


scattering mechanism is Rayleigh, becomes 


T 

C 



_ t _ 1 
• * X / *> 

r d > 


U 17) 


In the following Sections >1^ and Mj. are evaluated for typical lidar 
system functions. Effects such as high-order laser modes and annular 
receiving apertures are considered. 



11 • La SER mode effects on j 


.donates the propagation node* of laser radiation are 
dea.ribed by the well-known Causs-Hermite function* ( 3 ). 


E^u.y. I) - Hz) H .7* H .7S 

®l wj n ( 


exp 


-•(!> ■ yj 


1 ♦ 


.Xt) 2 

Sj 



2)2} 


i "*•£ 

R(Z) - z l + 

0 , 

” 1 

1 

\Z 

1 ’ J 


2 ? 
- <* 4. y‘) 


1 ik' 

~ * To + i V UI- 
u* - R nn 1 


1 ) 


(II- 


(II-3) 


•„ n (z) 


(» ♦ n ♦ 1) tan' 1 ' -iL 




Ui-4) 


Th ‘ JU ' rtbUttOT SlV - b " ««> -rr-p-d. to the r E >. mode. , u 

. ~*U, function Independent o, X and y . ^ u o Hermit. poHnomlal and 
-0 1» the bent, radio, of the fundamental mode at a . 0. the f, r -fl.:d 
divergence angle of the fundamental Caueslen mode l. 


T ^0 * (II-5) 

Equations (It-i, - (ri-5) corre, P o„d to the case where the beam i. 
collimated at the a - 0 P ,ane. for situation, where the User is not 

collimated, the origin of the z-axis mist he *hif* , 

axim nr at he shitted and „ adjusted in 

Equations ill-i) _ itr.:, r „ . 

gi\e the correct phase front curvature and 

* Mn J C Che laser coordinates [j]. 

The spatial component of the mutual intensity function can be calculated 
" 1!Mtrar '' ^ «W) into CI-U) and integrating 
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iv^i 2 a 

U' s (0)| ! 


( 2 2 J 

1 ! V, J v 2 

t 

5 5 

* * a 

IT 4 2 

1 • 

exp 


L y y X 

n % * * 

l * * 

L 

n 

________ y 

it 

^ ' - 

i 



( 11 - 6 ) 


where L Is a Laguerre polynomial. Equation (II-6) will be used in the 

m 

following sections to evaluate the effects of high-order laser modes on the 
speckle statistics. 
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III. LASFR PULSE EFFECTS ON R 

P 


To evaluate it la ne:essary to obtain a functional expression for 

P(t), the laser pulse shape. If the pulse is symmetric in time, it may be 

possible to approximate it by a Gaussian distribution, while the Gamma 

distribution can often be used to represent asymmetric pulse shapes. 

Both the Gaussian and Gamma distribution pulses are completely 

characterized by the full width at half-maximum (FVHM) and by the time 

coordinate at which the peak occurs (T^). Fortunately, these two parameters 

are also easy to measure in the laboratory. However, since optical 

2 

detectors respond to intensity, P"(t) is the function that is usually 
measured. Thus, it is necessary to fit the distribution to the pulse 
intensity profile, and then take the square root to find P(t), the pulse 
amplitude. 

For a Gaussian-shaped puloa, we let 


P(t) 


1 

,17 


T 

P 


•> 

-t“/2t 

e 


2 

P 


(III-l) 


where 

T - (FVHM) - 0.425(FWHM) . ( III-2) 

,8 In .? 


For a Gamma distribution pulse, we let 


P(t) - < 


> +1 b -ct 
r(b + i) e 

o 


t > o 


otherwise 


(III-3) 





where 


!0 


b + 1 

mean ■ dt t P(t) ■ 

'0 C 


RMS width 


dt t - P(t) * (mean)" 


1/2 


»b + 1 


peak ■ T ■ b/c . 
P 


(III-4) 

(III-5) 

(III-6) 


Although it is possible to determine b and c from the mean and RMS 

width using Equations' (III-4J and (III-5), these parameters are not as 

easilv measured as T and FWHM. 

P 



FWHM 


In 2 



> 60 


Figure 2 


(8 In 2) 


Tp 

FWHM 


1.1 < SHE « 5 


FWHM 


2.5 


(HI-7) 


c - b/T 

P 


(III-8) 


'or the Gaussian distribution the autocorrelation function is given by 


R (t) - 

? 2^r t 


2 . 

. -c / 4 t 
e P 


( 1 1 1 — 9 ) 


R_ (0) 


(IIJ.-10) 


2»j x 


and for the Gamma distribution the autocorrelation function is [5, p. 322] 
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R p U> 


b+3/2 

c 

*7 r(b * i) 


( c ) b + 1/2 

l 2 J 


K b-K/2 (ct) 


(III-ll) 


r (0) - -£- :ib. ♦ ^ 2 ) 

p 2 ^r rtb T u 


( III— 123 


where ,(ct) Is a modified Bessel function. 
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IV. EVALUATION OF M. FOR TYPICAL SYSTEM FUNCTIONS 
A. ’ Gauss l.m , W Gaussian 


As seen in Section I, M. is dependent on tin* receiving aperture weighting 

function, W(r>. and the spatial component of the mutual intensity function, 

\ 

J hr', It is instructive to consider the case for which both the aperture 
and mutual intensity functions are Gaussian, since this is one of the few 
cases that a closed-form expression for can be derived exactly. 

The Gaussian form for the mutual intensity is given by 


' v j-» > -j 

J_(j*> r -r*72p“ 

i T 1 • O (IV-1) 


where c is the transverse spatial coherence length of the signal. The 

c 

spatial coherence length can be expressed in terns of the transmitter 
divergence angle, or in terms of the laser spot radius (see Section II). 


°c 



(iv-:) 


\2 

0 » — • 

*: *u>(z) 

r is the laser transmitter divergence angle ind j(c) 
the laser spot at the scattering medium. As given in 
the spot sice is 


(iv- n 


is the radius of 
Equation (II-:), 


('*1 



( 



1 : 


) 


J 


(IV-i) 


where j,. is the beam radius at 

0 


: - 0 . 
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The Gaussian receiver aperture is modeled as 

2 2 

W(r> - e" r /R fIV-3) 

where R is the receiver aperture radius. The receiving aperture auto- 
correlation is given by 


Vi> 


2 2 2 

*R‘ -r‘/2R" 


( IV-6) 


For W and Jg ! Gaussian, Equation (1-3) for Mg becomes 


M ■ 1 + R 2 /c 2 
s c 


CIV-7) 


From Equation (1-10), the large aperture approximation for M g is given 


bv 


M, * - 
S 


(jd 2 rW(r)) 2 ! J s (0) 1 2 


V 0) 


, 2 i' v 2 ' 

/ d ll J s <I>l 


(IV-8) 


For large values of R/c , M is large, and Equation (IV-8) gives 

C 5 


2 1 
M => R“/p“ 
s c 


( IV- 9) 


B. , J, Gaussian, W Annular 


In general, W(_r) will be a circular annular aperture as in a 

Cassegrain telescope. Let R^ be the outer radius of the aperture, R., 

the radius inside which the aperture is obscured, and y • R^/R, c ^ e 

obscuration ratio. To evaluate Mg, it was necessary to numerically 

integrate Equation (I-J). Plot3 of M_ versus R. A are given in Figure 3 

b 1 c 

for y equal to zero and one-half. From Equation (IV-8), the large Mg 
approximation becomes 


M, 


R"(l - y”) 


(IV- 10) 
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Since the receiver aperture weighting function for annular aperture* 1* 

taat W * l inside the aperture and W • 0 outside the aperture, 

2 , f 

'•'(£) ■ W ( it ) . Thus, R^(0) * |d‘rW(r> so that the large aperture 
approximation for M, (Equation (IV-8)) simplifies to 

*5 


M 


S 


, 2 

jd rW(r) 

/d 2 r| J s (r)/Jf s (0) | 2 


(iv-ll) 


In this case Mg is Just the ratio of the receiver area to the effective 
area of the square of the normalized mutual intensity function. 


C. Large Aperture Approximat ion for Arbitrary Laser Modes 

Although it was not possible co obtain an exact expression for Mg 

for an arbitrary TEM transverse mode, it is nevertheless quite useful 

mn ^ 

to evaluate the large M. approximation for the TEM mode. 

a mn 

Referring to Equation (IV-8) for large Mg, in Cartesian coordinates. 


it is necessary to evaluate ! dx dy ( J _/J _ (OT 


fi 


i 


S' 


For the TEM mode the 
mn 


square of the mutuaL intensity function is given by Equation (II-6). 


|JcU)| 


J s (0) 


7 “ L 

- m 


I 1 1 

f 1 1 

• 

2 

: 

i 

i 

tr 

r ual 




n • : 2 ■ 


exp 

t X " 2 ~ 

l * * 

. 



I TU)]~ .2 2. 

"i-| < x + y M 


) 


(IV-12) 

The two spatial dimensions mav be separated, yielding two integrals of the 
form 


J-* 


dx L 


l 




> n 
■» *> 


’ll 


f i. - ,i 


) 




( IV- 1 3) 


J 


This integral can be evaluated by making a change of variables 


v 
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and expanding one of Che Laguerre polynomial* Into the form (5, p. 1037] 

/ \ 

2k 


n 


L (v 2 ) • I (- 1) 
m 

k«0 


m 

m - k 


V • 


(IV- 14) 


With another chance of variables u ■ v“, Equation ( IV— 13) becomes 


, . ra 

\z r 


“ L <- IV 

rru> *• - 


k«0 


* 1 1 f ' a k - 1 / 2 , / x -u 

rr t du u L (u) e 

■ K • m _ m 

m - k i * — ■ 


( IV— 15) 


The Integral in (IV-L3) can be found In [5, p. 8-* 5 ] « yielding the result 


• JO 


dx dy 

— Ul J -OP 


VV 0 ' 


1 5 

V‘2~ , 2 

r Y Y„ ■ 2*0 y Y 

. m n c m n 

*U> 


( IV-16) 


where 


m 


m 


2“ m k-0 2 


i 2k 


2m - 2k 
m - k 


f »r 


l k i 


(IV-17) 



2k 


k 


) 


^2 
2k 

k 


(IV- 18) 


T!nis, for anv TEM transverse mode, the integrated mutual Intensitv 
mn 

is scaled bv y and y compared to the Gaussian case (y\ * 1). The total 
m n u 

integrated mutual intensity can be expressed as the sum of the integrated 

intensities of all transverse modes present, each scaled by the appropriate 

v and v . However, if the mode structure of the laser transmitter is 
m n 

unknown, the Gaussian mode will give the worst case estimate for >L . since 

a higher order mode will result in a reduced integrated intensity and 

consequently an increased !!,. Tabulated values of • are given below. 

S m 

* 

This assumes that the transverse modes are statistically independent. 
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TABLE 1. TABL'LATED VALUES OF 

m 


m 

V m 

0 

1.0000 

1 

.7 500 

2 

. 6406 

3 

.5742 

4 

.5279 

5 

.4930 

6 

.4653 

7 

.4426 

8 

.4235 

9 

.4070 

10 

. 3927 

20 

.3076 

40 

.2381 


If we insert Equations (IV-lb) - (IV-I8) into Equation (IV-8), the 

large M approximation for a Gaussian aperture and TEH mode becomes 
a mn 


Similarly, the large 
mode yields 


M, 


2 Y Y 
o m n 

c 


approximac ion for 


(IV-19) 

3n annular aperture and TEM 

mn 


r;u - y") 

Mg a — i • (IV-20) 

r x/ 


The results are summarized in Table 2. 
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TABLE 2. SUMMARY OF M $ RESULTS 


W(r) 

1 J s <r ) 1 

1 

", 



Exact 

Large M g Limit 

Gaussian 
Equation ( IV— 5 ) 

Gaussian 
Equation (IV-1) 

1 ♦ R 2 /o 2 
c 

R 2 /0 2 

c 

Annular 

Gaussian 

Figure 3 

R‘(l - 

J »c 

Gaussian 

TEM 

mn 

Equation (IV-12) 

L 


I 2 

2 

C! Y_ Y_ 
c m n 

Annular 

1 

TEM 

mn 

1 


•> 9 

RJ(1 - Y / 

l : 

2o Y Y 
c m n 


R « Gaussian aperture radius 

R, - outer radius of annular aperture 

Y * obscuration ratio of annular aperture 

C * transverse spatial coherence length of signal (Equations (iV-2) 
c and (IV-3) ) 

y and v ■ the integrated intensity scaling factors for the TEM mode 
n (Equations (IV-17) and (IV-18) and Table 1). 
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V. EVALUATION )F Mj. FOR TYPICAL SYSTEM FUNCTIONS 


Referring to Equation (1-4) for Kp, we need to know what functional 

•v 

forms Jp(t) , P(t), and hit) will assume for realistic systems. It was 

n. 

shown in Section I that |J will uauallv have Gaussian or exponential 
form, jnd in Section III t P can be represented by the Cauealan or 
Camna distributions . T) a electrical filter h(t) will usually be an 
Integrator or ideal low-puss filter; however, it is also useful to consider 
the Gaussian low-pass filter. 


Gaussian, J-f Gaussian 

Insight may be gained as to how these parameters Interact by con- 
sidering the case where thev are all Gaussian. 


2 

J-U) 1 

h 1 

J T (0) * 


p(t) 


•t “) 
'It 


-t , 2 t 


2 2 

. -t /2r 
■±— e p 


(V-l) 


(V-2) 


R p(t) 

h(t) 

V e) 

11 ,( 0 ) 





B 


2 


,7 -c B /2 

e 


. 2 S 


» T 


> : a 


(V-3) 


(V-4) 


( V— 5 ) 


(V-6) 


r 1* the speckle coherence time, * Is the laser pulse width, and B Is 
C P 


the filter bandwidth. 

Inserting (V-l) - (V-7) Into Equation (1-4) for yields 


*r 


l 

, 



l 

i > 


1/2 


(V-8) 


We find that Mj. Is Inversely related to the filter bandwidth, pulse width, 
and coherence time. The large approxlmat Ion (Equation ( I— 1 1 ) ) Is given 


by 






dt h(t) 



'.i T (0)| 2 R‘(0) 
dt i J T (t) 2 R 2 (t) 


(V-9) 


L’sing (V-I) - (V-7) for all Gaussian functions. Equation (V-9) becomes 


*T 




(V-10) 


>!_ can also be evaluated exactly for the cases where J. and P are 

1 T 

Gaussian and h is an Ideal low-pass filter or integrator. For h an 
integrator, we have 


h(t) 



|t| < 1/2B 
otherwise 


(V-U) 


R.j(t) 


1/B - t 


1 1 ; <. i/B 
otherwise 


(V-12) 


^(0) - 1/3 


(V-l 3) 
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dt hU) • 1/B 


(V-li) 


Note that 1/B is the Integration time. For convenience, we will define 
the parameter 


0 





( V— 15) 


Then, using Equations (V-ll) - (V— 15) and Equations (V-l) - fV-3) for 

n, 

P and Gaussian, is given by [5, p. 306] 


"r 


v / 2 

e 7T / 2 j erf(*/2) ♦ exp(-."/2) - 1 


(V-16) 


where erf(x) is the error function. For large v, M^. is large, and 
Equations (V- 1 )) and (V-16) become 


*T * 


(V-17) 


2 - 


For the case in which h is an ideal low-pass filter, we have 



11 

1 f f < B 


h(f ) 

“ { 


(V-13) 


1° 

otherwise 


R^(t) 

- h(t) 

• 23 sine 2Bt 

( V- 1 9 ) 

*h (0 > 

- 2B 


(V-20) 

dt h(t) 

• 1 


(’-21) 


where B is the filter bandwidth. Equation (1-1) for contains the 
integral of the product of a Gaussian ind a sine function, which can be 
evaluated to obtain [5, p. 495] 
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*r 


(»/2^ir) exp^W) 

i r i (1.1.3 t 2irW) 


( V— 22 ) 


where ^F. is a hypergeometric 
(V-22) become 


function. 



For large V, Equations (V-9) and 

(V-23) 


■u 

Plots of Mj, versus ^ for and P Gaussian are presented in Figure 4 for 

the cases where h is an integrator, ideal low-pass filter and Gaussian 
low-pass filter. 


'U 

3. P Gaussian, Exponential 


Now we consider the case in which P is Gaussian, is exponential, 

% 

and h is Gaussian. is given by 


1 j t c t ) ! 2 


J T (0) 


: t'/2T c 


(V-24) 


where is the speckle coherence time, inserting (V-24) and (V-2) - (V-7) 
into Equation (1-4) for M^., we obtain the integral of a Gaussian multiplied 
by an exponential . This can be evaluated [5, p. 307], and is given by 


/ ->2 ( 

\/l + 1 /B“t" exp| 

V P 


«T 


5 •> 


erfc 

1 


_ / 5 -> j a 

+ t /x“ 




V c c oj 



(V-2 5) 


where erfc( 2 ) * 1 - erf(z) is the complementary error function. For large 
-ij , Equation (V-9) contains the integral of the product of a Gaussian and 
an exponential, which becomes [5, p. 307] 






when* the fund >n 1} In given by 


exp 


(el 

JL 

erfc 

k 



(V-J7) 


t 


'■} 


Q la plotted versus : ^ r > In Figure s. For large r /t .. 1} become* approx- 
imately equal to 


Q * 


• n t 


(\’- 28 '\ 


For -small r ': >t 1* approximately equal to one. 

v 

For :ho case in which P la Gaussian, Jj. is exponential, and h is 
an integrator, we Insert Equations fV-J), IV- U , \ V - 1 l > - iV-ls), and 

Into Equation il-*^ f* •• M^,. Completing the square in the exponent 
and making a change ot variables gives two Integrals of the rorm 


J, 


vlu e 




*u 


du ue 


-u 


1V-J0) 


Equation results In the difference of two error functions l', t >. ?06), 

while is an exact differential. After considerable nanipul.it ion . 


Wi obtain the result 


2 b 



For large Mj., Equation tV-9) again Is the product of a Gaussian and un 
exponential, which is evaluated to yield 




Equation (V-33) must hi* Integrated numerically to obtain exact values tor 
Mj,. However, Equation for large M.,. can still be evaluated to give 


•'<T * — 


l\'-3-»'> 


:•! B: Q 

P 


•re again 0 ■ exp t “ St"3 erfcl:^ ~>J r ) is plotted in Figure 5 versus 

pc i c 





q 


0 


0.5 


i * 



Kij-mt- ‘>. o t-x|*( i " /Hi ' ) nil (i r*J'h ) 
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C. Large Approximation for Pit) Modeled by a Carna Distribution 


When P(t) is represented bv a Gamma distribution (see Section III), 
exact values of M^. must be obtained by numerical integration. However, 
the large approximat ion can be manipulated into a relatively simple form. 

For most system resolution requirements, h will be slowly varying 
compared to the pulse width and coherence time. Consequently, we may use 
Equation (V-9) for large and treat the dependence on h as a separate 

factor. Equation (V-9) can be written as 


who ro 


*T “ U h *T 

(/.> h(t)J : 
U h " 1^(0) 


(Y-35) 


(V- 3n) 


iJ_(0)| 2 R“(0) 

1 K r 

, * ' 
/ M dt|J T (t)|- R-(t) 

Values of for a Gaussian low-pass filter, intr* rator, and ideal low- 
pass filter are tabulated below. 



TABLE 3. TABULATED VALUES OF y. 

n 


h(t) 

“h 

Gaussian low-pass filter 


» 1-/3 

Integrator 

1/B 

Ideal low-pass filter 

1/2B 


:9 


When P(t) Is represented by a Gamma distribution. Equation (V-37) 
must be integrated numerically. But we are able to obtain closed-form 
expressions for Mj. whenever either the pulse width or coherence time is 

i v 1 

short. If : < : , J_ can be evaluated at zero and removed outside the 

p c 1 T 

integral in Equation (V-37). Then becomes 


*t 


»,<■» 

/ ~dt R’(t) 

* p 


(V-38) 


For P(t) Gamma, R (t) is given bv Equation (III— 11) , so that Equation (V-38) 
P 

vie Ids 


«r 



r : (h + 1/2) 
r 2 (b + i) 


r(2b -*• 2) 

ft^b+jr 


(V-39) 


where b and c are related to the peak and width of the laser pulse usinc 

Equations (III-7) and (III-8). 

2 

If T << r , R“(t) can be evaluated at zero and removed outside the 
c P P 

Integral in Equation (V-37). Then M.J, is given by 


Ml * - 

^ U T (t ),’ 

'V 

If jj_ is Gaussian, Equation (V--*0) becomes 

c 

'’V 

If J is exponential. Equation (V— *0) becomes 


! J T (0) 1 2 


(V-40) 


(V— n 


\» • 
T 


S 


1 



(V— :) 
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The results for >1^ are summarized In Table and functional forms 
used to evaluate >L are given In Table 5. 



TAKI.K 4. SUMMARY OK M. KKSIJI.TS 
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TABLE 4 . (CONTINUED) 



t/Jw Bt 
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TABLE 5. FUNCTIONAL FORMS USED TO EVALUATE ^ 


Function 

P(t) 

J T (t)/J T (0)| 2 

h(t) 

Gaussian 

— — i 

2 2 

— i— . » 

*2* T 

p 

1 1 

e c 

1 

-t“B“ 

e 

Exponent ial 

r«- ct t > o 

l 0 otherwise 

-!ti/2T : 

e 

• • 

Ideal Low-Pass Filter 

— 


2B sine 2Bt 

Integrator 



! f i i*i 

[ 0 otherwise 

Gamma 

Distribution 



— 

1 )r(b+D c c c 0 

0 otherwise 


t * coherence tine or' received signal 

c 

r ■ laser pulse width (Equation (111-2)3 

P 

3 ■ bandwidth of electrical filter 

b and c * parameters which characterize the Gamma distribution. 
(Equations (III--*) - ( III— S) ) 
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VI. SIGNAL -TO -NOISE RATIO FOR REPRESENTATIVE LI PAR SYSTEMS 


To evaluate Che quality or Ildar data for a given system, we must 
evaluate the slgnal-to-noise power ratio iSNR), which is given by [l] 


SNR 


£(S) * 

V arts') ♦ VariN) 


Under strong signal conditions, the signal speckle noise dominates and 
the SNR becomes 


SNR * 


:m s*t 


(i * r*) 


A summary of the SNR calculations for various svstems is given In 
Table For these svstems it was assumed that the laser is transmittlnc 
In the fundamental Cause lan mode, the received field Is polarized in one 
component , r.n* pulse is '• iuss : .in . * '.o > ■' liter is an Integrator, 

and che obscuration ratio of ;e circular receiving aperture is 0.23. 
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TABI.K h. SNK KOK RKPKESIINTATI V> SYSTKMS 
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